De-ghosting deep-tow pressure measurements can lead to instabilities at the ghost notch frequencies observable in the form of serious ringing artifacts. We review in this paper some causes behind these instabilities and present a novel and efficient method based on the cepstrum to help mitigate them. A comparison between single-component and dualsensor de-ghosting is performed to verify the accuracy of the proposed approach on 2D synthetic and field data.
Introduction
One of the main factors limiting seismic resolution in marine towed-streamer acquisition is the presence of the freesurface ghosts. These result from the almost complete reflection of the up-going wavefield at the sea surface on the source and receiver sides. In the time domain, ghost reflections arrive with opposite polarity at a later time than their corresponding primaries. The recorded hydrophone data at each trace can be modeled as:
where the sea surface reflection coefficient and Δ the ghost delay are both angle-dependent parameters. In the Fourier domain, the ghosting effect distorts both the amplitude and phase spectra of the original measurements and is most significant at the ghost notch frequencies.
Compensating for this effect accurately while preserving data integrity is key in fulfilling the "success case" for broadband seismic (Reilly, 2015) .
Acquisition-based strategies to deal with the receiver-side ghost include over-under streamers (Posthumus, 1993) , variable-depth streamers (Soubaras, 2010) and dual-sensor streamers (Carlson et al., 2007) . The dual-sensor solution uses complementary pressure and vertical particle velocity wavefields which removes the need for accurate estimation of the ghost delays and the sea-state (Day et al., 2013) .
The signal processing approach to hydrophone-only receiver de-ghosting has proven to yield satisfactory results in the shallow-tow case. This can be explained by weak errors in the vicinity of the first-order ghost notch frequency which falls outside the bandwidth of interest. In the deep-tow case, however, the first-order ghost notch may be at 40Hz or 50Hz, resulting in a serious challenge to accurate estimation of the de-ghosting parameters. In this case, adaptive rather than deterministic approaches to de-ghosting become more necessary.
A bootstrap approach proposed by Wang et al. (2013) attempts an iterative search for the optimal ghost delays. The "re-ghosting" operator used in the least squares cost function maps the amplitudes at the notches back to zero, therefore an infinite number of solutions can exist. The paper does not define what criterion is used to select the "best" up-going wavefield model. In order to account for sea surface variations, King et al. (2015) proposed a method to estimate a sea surface profile and use it in a linear Radon inversion of the up-going wavefield. A stochastic search for the optimal de-ghosting parameters was proposed by Massomzadeh et al. (2013) without details on the inversion strategy. The use of the kurtosis of data autocorrelation was proposed by Grion et al. (2015) as a metric for estimating the effective values for the reflection coefficient and the ghost delay. A common observation on all these references is that there are insufficient details provided on the regularization strategy used to stabilize the de-ghosting process.
In this paper, we propose an efficient approach to estimate the ghost delay and recover the amplitudes at the notches in order to help stabilize the de-ghosting procedure. We begin with an analysis of the ringing artifact, and illustrate on deep-tow synthetic and field data how some instabilities related to the de-ghosting process can be addressed.
Instability analysis
A desirable property for de-ghosting is to be a bounded-input bounded-output (BIBO) stable operation. Inaccuracies on the de-ghosting parameters inevitably lead to ringing artifacts (most observable around the water-bottom reflection) which are in direct violation of the BIBO property. Mathematically, the de-ghosting kernel can be expressed in the ( , ) (angular frequency/horizontal slowness) domain as:
where the ghosting operator is:
An expression for the reflection coefficient in terms of the significant wave height ℎ based on a Gaussian description of the sea surface was proposed by Jovanovich et al. (1983) :
Adaptive hydrophone-only receiver de-ghosting where 0 is approximately .995 and the water velocity. Regularization parameter is used to stabilize the inverse and is usually constant (for example 1%). Under the 2D assumption, is assumed to be the inline horizontal slowness. In the 3D case, is a vector of both the inline and cross-line horizontal slownesses. It is worthwhile to note that in the expression of the de-ghosting operator in (2), the numerator is always stable in the BIBO sense, which is due to the fact that ghosting is an operation which is always stable. Hence, the main sources of instability must be arise in the denominator.
In general, assuming non-stationarity is accounted for and a perfect angle decomposition, instabilities related to deghosting for a given ( , ) pair can generally have one of the following causes:
1. Error in the ghost delay estimate: leads to incorrect amplitude and phase compensation. 2. Inaccurate reflection coefficient estimate: leads to incorrect amplitude and phase compensation. 3. Inaccurate amplitude recovery in the vicinity of the ghost notch frequencies: this is mainly controlled by and can lead to incorrect amplitudes in the form of either spikes or residual notches.
It should be noted that even in the case of exact knowledge of the ghost delay and the reflection coefficient at each ( , ) pair, instabilities may still arise when the notch amplitude recovery (controlled by ) is inadequate.
Ghost delay estimation via the power cepstrum
The ghost delay Δ can be estimated as a single value for each horizontal slowness, where in the temporal frequency domain the ghosting effect creates notches that are regularly spaced by 1 Δ in the power spectrum. Estimation of the ghost delay directly from the first-order notch frequency is unreliable since the minimum value can be affected by several factors such as noise and spectral leakage.
The periodic trend created by the regular notches on the amplitude spectrum can be emphasized by taking the log of the power spectrum. After Fourier transformation of equation (1), taking the log of the amplitude spectrum yields:
Hence, the Fourier analysis of (5) can highlight the periodic component in the 2 nd term of the equation and lead to an estimate of the ghost delay. The spike created in the new domain (a.k.a. the "quefrency" domain) should be at a value equal to the ghost delay. This process is equivalent to taking the power cepstrum (Bogert, 1963) of the recorded trace (Figure 1) . One of the most powerful properties of the power cepstrum is that any periodicities or repeated patterns in the amplitude spectrum such as the ones created by free-surface ghosts will be sensed as peaks in the cepstral domain. The power cepstrum is related to the power spectrum, which is in turn related to the autocorrelation. However, in contrast to the autocorrelation, the power cepstrum presents three key advantages:
1. By taking the log of the power spectrum, more weight is given to low-amplitude components at the notch frequencies, and this is advantageous in the notch zones (i.e. the ghost delay). 2. Multiplicative relationships in the spectrum (for instance between the ghosting effect and the original "un-ghosted" signal) become additive by taking the logarithm, and this is maintained by further Fourier transformation, thus eliminating the cross-terms (i.e. smearing effects) in the autocorrelation. 3. The cepstral component corresponding to a certain notch spacing is an average estimate of the ghost delay over the whole spectrum and is much less likely to be affected by smearing effects.
As a first step in the proposed de-ghosting method, we estimate the ghost delay using the power cepstrum for each horizontal slowness.
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Complementary amplitude recovery at the notches through cepstral smoothing
Accurate amplitude recovery at the ghost notches entails a correct value for the regularization parameter. In some cases amplitudes at the notch frequencies can be very weak, necessitating a very small . This in turn can lead to overboosting of noise, since a single value for might not be suitable to "fill" all notches. In order to address this compromise, a "good enough" value for is usually chosen (for example .01). Even though this might be effective in removing the over-boosts (spikes) in the amplitude spectrum, some residual notches, narrower than the original ones, might still remain.
For a complementary treatment of the amplitudes at the residual notches, some a-priori knowledge can be used on the amplitude spectrum of the up-going wavefield: for each dip, it can be assumed that the amplitudes should vary rather smoothly over the notch zones. We obtain such smooth behavior by replacing, only in the vicinity of the notch frequencies, the "deconvolved" amplitudes by the ones predicted by the spectral envelope.
As a means of extracting the spectral envelop we use cepstral smoothing, which consists of keeping only the low quefrencies (corresponding to smooth variations in the log amplitude spectrum) in the real cepstrum domain and filtering out the high quefrencies (which contain information on the abrupt variations potentially caused by the residual notches). We then apply the inverse FFT on the filtered cepstrum to obtain the spectral envelope. Figure 2 illustrates how cepstral smoothing helps in having a better amplitude recovery in the vicinity of the notch frequencies. As can be observed on the corresponding trace, this leads to less ringing observed pre-cursor to the water-bottom reflection.
Application to deep-tow constant-depth streamer data
Synthetic example: We apply our receiver de-ghosting algorithm to 2D synthetic data generated using a shallowwater version of the SEAM model. The acquisition geometry has constant source and receiver depths at 8m and 18m respectively. Both pressure and vertical velocity were generated. We use the same regularization parameter ( = .01), water velocity and cable depth values as input parameters to the deterministic and adaptive algorithms. For the sea-surface reflection coefficient, we set ℎ = 0.5 m. As illustrated in figure 3 , the ringing artifact is obvious near the water-bottom reflection on the deterministically deghosted result. This can be explained by either inadequate amplitude recovery at the notch or slightly incorrect values for the ghost delays. With our adaptive de-ghosting, the ringing is mitigated and the single-component de-ghosted result looks closer in quality to the dual-sensor de-ghosted one (which uses both pressure and vertical velocity). Differences can also be observed on the diffraction indicated by the yellow arrow. Since the adaptive de-ghosting estimates the ghost delays based on the data, there is clearly less ringing resulting on this event.
Real data example: We also applied our algorithm on a midcable sub-line extracted from NAZ dual-sensor streamer dataset. The source depth is 5m and the cable depth is around 20m. Here also, we set the same input parameters to the deterministic and adaptive algorithms. As can be observed in figure 4 , the ringing artifact is mitigated after applying our adaptive receiver de-ghosting. Correspondingly, the notches appear to be adequately filled to a level which is comparable to the dual-sensor de-ghosted data.
Conclusions
De-ghosting based on deep-tow hydrophone-only measurements can be unstable at the notch frequencies. This in turn can lead to artifacts that clearly degrade the quality of the data. In this paper, we gave special consideration to stability factors and proposed cepstrum-based methods to mitigate the effect behind the instabilities. Unlike iterative solutions for ghost delay estimation and up-going wavefield recovery where the cost can be quite high, our method is
